Microorganisms have the ability to degrade phenol. However, in Malaysia, there are lack of study on indigenous microorganisms (fungi) that have the ability to degrade phenol. A total of 141 phenoldegrading fungi isolates were isolated from soil and water samples collected from various industrial areas located in Malaysia. The fungi isolate N12 P6C3 was chosen based on its high efficiency in degrading phenol. The fungi isolate N12 P6C3 isolated from a heavy metal factory, Dungun, Terengganu was able to degrade 700 mg/L of phenol within 6 days and the mycelium growth had increased to 0.25 g. The phylogenetic tree based on the ITS sequence analysis confirmed that the fungal identity was closely related to Penicillium janthinellum strain ATCC 4845. The optimum conditions of this fungus to degrade phenol was attained at temperature of 35°C, ammonium sulphate at 3 g/L, 0.05 g/L of sodium chloride, and pH 6. The ability of P. janthinellum strain N12 P6C3 in the degradation of phenol may provide additional knowledge on locally isolated phenol-degrading fungi which could contribute towards phenol waste management in Malaysia.
INTRODUCTION
Environmental pollution is one of the critical problems the world is facing today. Rapid industrial growth, urbanization, as well as increasing of hazardous and toxic waste discharged, eventually leads to the increasing of xenobiotic levels in the environment (Gami et al., 2014; Javed and Usmani, 2015) . Based on reports by Agency for Toxic Substances and Disease Registry, phenol is one of the major industrial chemicals found in waste effluent which can be present in the environment through natural or chemical processes (ATSDR, 2008) .
*Author for correspondence: Mohd Termizi Yusof, Department of Microbiology, Faculty of Biotechnology and Biomolecular Sciences, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia. Emailmohdtermizi@upm.edu.my Phenol is an aromatic compound that is widely distributed as environmental pollutants due to their existence in the waste effluents of many industrial processes including petroleum refineries, pharmaceuticals, paper manufacture, textiles, plastics, dyes, and phenolic resin industries (Santos and Linardi, 2004; Leitão, 2009; Wang et al., 2010) . Phenols can also naturally present in decomposition of organic materials or in coal (Basha et al., 2010) . Excessive level of phenolic compounds in the environment leads to phenol's accumulation, affecting groundwater and soil quality (Michalowicz and Duda, 2007; Panagos et al., 2013) .
Distributions of phenol provide a great impact to the environment and human beings. Even at low concentrations, phenol can be toxic and lethal to aquatic organisms (Rittmann and McCarty, 2001) . Phenol is rapidly absorbed by human body through inhalation, ingestion, and dermal contact (HPA, 2007) . Exposure to phenol can cause irritation to the eye, severe skin damage, serious gastrointestinal damage, cardiovascular disease, and even death (ATSDR, 2008) . Therefore, priority and great concern have been placed in these issues, toward the exposure of phenol and the removal of phenol effluent from the ecosystems (Barlow et al., 2007) .
Various treatment techniques have been developed for phenol removal including chemical, biological, and physical methods. Solvent extraction, chemical oxidation, adsorption, and incineration have been widely applied, but all these methods are very costly and most probably will produce hazardous by products (Basha et al., 2010; Bui et al., 2012; Thappu et al., 2012) . This is why biological approach, biodegradation is preferred to degrade phenol since it is environmentally friendly and cost effective (Wang et al., 2010) .
A number of microorganisms including bacteria and fungi have the ability to utilize phenol as their carbon source for growth (Chen et al., 2006) . Most of the phenol-degrading microorganisms reported were bacteria including Acinetobacter spp., Pseudomonas spp., Bacillus spp., and Rhodococcus spp. (Ahmad et al., 2011; Sridevi et al., 2011; Mahiuddin et al., 2012; Aravindhan et al., 2014; Hasan and Jabeen, 2015) . Besides bacteria, fungi also have been reported as phenol degrader. Some of examples are Aspergillus fumigatus, Fusarium flocciferum, Aspergillus awamori, Penicillium chrysogenum, Trichosporium cutaneum, and Candida tropicalis (Mendonça et al., 2004; Stoilova et al., 2006; Leitão et al., 2007; Tuah et al., 2009; Ravikumar et al., 2011) .
Phenol-degrading microorganisms may utilize phenol in two pathways either through aerobic or anaerobic pathway (Haiyin et al., 2007; Tuah et al., 2009; Sarwade and Gawai, 2014) . The absence or presence of oxygen is very important in determining the fate of phenol biodegradation pathway (Sridevi et al., 2012) . In aerobic condition, oxygen is used by the enzyme phenol hydroxylase to produce catechol. Depending on the microorganisms involved, the resulting catechol can be degraded into two pathways either ortho or meta pathway. In the ortho pathway, the enzyme catechol 1, 2-dioxygenase transforms catechol to cis, cis muconate whereas in the meta pathway, the enzyme catechol 2, 3-dioxygenase convert catechol to 2-hydroxymuconic semialdehyde (van Schie and Young, 2000; Tuah et al., 2009; Supriya and Neehar, 2014) . The products for both pathways are further incorporated into the Krebs cycle (Soudi and Kolahchi, 2011) .
In contrast to bacteria, fungi are able to adapt easily to the ecosystem and able to grow at extreme condition (Atagana, 2004; Stoilova et al., 2008) . However, in Malaysia, the investigation on phenol-degrading fungi is poorly reported. Therefore, this study was conducted to provide preliminary information on phenol-degrading fungi in Malaysia.
MATERIALS AND METHODS
Isolation and screening of phenol-degrading fungi. Water and soil samples were collected from various industrial areas located in Selangor, Kedah and Terengganu, Malaysia. The water and soil samples were collected from 10-20 cm from the soil and water surface. Aseptically the samples were transferred into sterile polypropylene tubes and stored at 4°C. The samples were diluted in 10 mL of sterile distilled water and were grown in Liquid Mineral Salt medium (LMS); made up of 0.5 g MgSO 4 .7H 2 O, 11.8 g KH 2 PO 4 , 2.3 g K 2 HPO 4 , 0.05 g CuSO 4 , 0.05 g NaCl, 0.25 g NH 4 Cl, 0.01 g MnSO 4 , 0.1 g FeSO 4, and 0.01 g ZnSO 4 (Cai et al., 2007) . All the chemicals were dissolved in distilled water, pH to 6 and brought up to 1 L. Appropriate amount of phenol and 100 µg/mL of penicillin-streptomycin antibiotic were added to the autoclave's medium prior to inoculation. The cultures were incubated at room temperature for 3 days.
Sensitivity of phenol-degrading fungi. The ability of each isolate to utilize phenol was tested at different phenol concentrations. Concentration of phenol was gradually increased from (mg/L) 100, 300, 500, and up to 700. Mycelium of the isolate was homogenized and incubated into Potato Dextrose Broth (PDB) for 24 h at 125 rpm under room temperature. After 24 h, 0.1 g of fungal mycelium was harvested and incubated into 50 mL LMS solution supplemented with various concentrations of phenol at 125 rpm under room temperature. All samples were periodically taken for dry weight measurement and phenol degradation rate analysis. Mycelia from LMS media were filtered and washed with sterile distilled water for several times. Mycelia obtained were then kept in a small pack of aluminium foil and dried at 60°C. The dry weight of the mycelia was measured by subtracting the initial weight of mycelia and aluminium foil. 4-amino antipyrine colorimetric method was used for phenol degradation rate analysis (APHA, 1998) . All experiments were carried out in three replicates.
Identification of phenol-degrading fungi.
DNA extraction was done as described by Raeder and Broda with some modification (Raeder and Broda, 1985) . The extracted genomic DNA was amplified using Internal Transcribed Spacer (ITS) primers, ITS1 (5'-TCCGTAGGTGAACCTGCG G-3') and ITS4 (5'-TCCTCCGCTTATTGATAT GC-3') (White et al., 1990; Pryce et al., 2006) . The PCR reaction mixture consisted of 25 µL of 2X Taq master mix (Vivantis Technologies), 19 µL of free nuclease water, 2 µL of 0.5 µM of each primer, and 2 µL of DNA template. The reaction was performed in a thermal cycler under the following temperature: denaturation at 94°C for 2 min, 30 cycles of denaturation at 94°C for 1 min, annealing at 49°C for 30 s, and primer extension at 72°C for 25 s, with the penultimate step of 72°C for 10 s and lastly cooling at 4°C. DNA sequence was analyzed using Basic Local Alignment Search Tool (BLAST) (www.ncbi.nlm.gov). The sequence was aligned using CLUSTAL W in Molecular Evolutionary Genetics Analysis version 6 (MEGA6). Phylogenetic tree was constructed using Neighbour-Joining method with bootstrap value replication of 1000.
Fungal growth and phenol degradation activity of the selected isolates. To study the physiological factors affecting the growth and phenol degradation of the selected isolate, different temperature (10, 15, 20, 25, 30, 35, 40, 45, 50, and 55°C) , nitrogen source (ammonium nitrate, ammonium sulphate, ammonium chloride, sodium nitrate, serine, isoleucine, valine, and phenylalanine), concentration of nitrogen source (0, 0.25, 0.5, 1, 2, 3, 4, and 5 g/L), sodium chloride (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, and 1 g/L) and pH range of 4.0 -9.0 were investigated. Fungal isolate (0.1 g) was inoculated in 50 mL LMS and incubated on an orbital shaker at 125 rpm for 2 days. The degradation of phenol was detected using 4-AAP colorimetric method and the fungal growth was measured by measuring the dry weight of the mycelium.
Statistical analysis. All data obtained were subjected to statistical analysis. The SPSS 17.0 software was used for the analysis. Comparison among the groups was performed using one-way analysis of variance (ANOVA) with post hoc analysis by Tukey's test (Haynes, 2013) .
RESULTS AND DISCUSSION
Isolation and screening for phenol-degrading fungi. A total of 141 phenol-degrading fungi were isolated from soil and water samples collected from various industrial areas located in Malaysia. Most samples were obtained from charcoal factories, heavy metal waste sites, drains, sludges, agricultural sites, and oil contaminated areas. Sixteen fungal isolates were selected for further investigation based on their ability to degrade phenol (Table 1 ). All isolates were grown on LMS agar plate supplemented with phenol as the sole carbon source. All 16 isolates of phenol-degrading fungi were assessed daily for phenol degradation (100 mg/L phenol) in LMS. Among the 16 isolates, 6 isolates (N7 P1C1, N5 P2C2, N3 P2C2, DD P1C2, N12 P6C3 and N12 P4C1) were able to degrade 100% phenol within 2 days (Figure 1a) . Isolate N4 P2C1 consumes phenol completely in 4 days while isolates 3 LP2, I LP1, N15 P2C1 and N2 P9C1 required 6 days to completely degrade 100 mg/L of phenol. Isolates °4 P1C1 and N3 P2C1 only able to degrade less than 30% of phenol at the end of incubation period (day 8). Growth rate of each fungal isolates was recorded (Figure 1b) . The mycelia cell increased as the phenol concentration started to decrease. This proved phenol was being utilized as carbon source for cellular growth (Wang et al., 2010) . Six fungal isolates were further analyzed for phenol tolerance at different phenol concentrations (300, 500, and 700 mg/L). At 300 mg/L of phenol, all isolates required 3 days to completely degrade the phenol except for isolate N3 P2C2 which needed 4 days (Figure 2a ). While at 500 mg/L phenol, only two isolates (N12 P6C3 and DD P1C2) were able to degrade 100% phenol within 4 days of incubation time (Figure 2b ). As the phenol concentration increased to 700 mg/L, only isolate N12 P6C3 was able to completely degrade 700 mg/L of phenol within 6 days (p<0.05) compared to other isolates (Figure 2c ). While isolates DD P1C2 and N7 P1C1 required 7 days to completely degrade 700 mg/L of phenol. The least potent fungi were isolates N5 P2C2, N12 P4C1, and N3 P2C2 which degraded 2 -20% of phenol at the end of incubation time. The mycelia dry weight had increased to 0.25 g for 700 mg/L of phenol concentration (Figure 3 ). Isolate N12 P6C3 was further analysed due to its efficiency in degrading phenol compared to other isolates. The results show that the higher phenol concentration, the more time required to completely degrade phenol and also a longer lag phase was observed (Figure 2) (Stoilova et al., 2006; Wang et al., 2010; Supriya and Neehar, 2014) . Optimization of conditions for growth and phenol degradation of Penicillium janthinellum strain N12 P6C3. The effect of temperature on the growth of Penicillium janthinellum strain N12 P6C3 in the presence of 300 mg/L phenol was studied at different temperatures ranging from 10 to 60°C. The mycelial growth and the phenol degradation gradually increased as the temperature increased until it reached an optimum temperature, 35°C (p<0.05) (Figure 6 ). The mycelial growth and phenol degradation ability of the fungus decrease at 40°C and ceased at 60°C. Supriya and Neehar (2014) reported similar observation in Aspergillus niger where the optimum temperature for the degradation of phenol was recorded at 35°C and the growth decreases drastically at low (25°C) and high (60°C) temperature. The growth and phenol degradation rate decrease at low temperature due to the delayed activity in cold conditions. While at high temperature, the enzyme responsible for phenol degradation has been denatured, thus exhibit lower growth rate (El-Naas et al., 2009) . Ammonium sulphate appeared to be the best nitrogen source for P. janthinellum strain N12 P6C3 with 73.4% phenol degradation (Figure 7a ). Ammonium sulphate gave the highest phenol degradation activity and fungal growth compared to other nitrogen sources (p<0.05), followed by ammonium chloride and ammonium nitrate. The contribution of nitrogen sources leads to faster phenol degradation rate and increases in cell biomass. It is probable that the simultaneous metabolization of these nutrients with phenol allows the cells to overcome the inhibition effect of fungal growth caused by phenol (Neumann et al., 2004; Khleifat, 2006) . Figure 7b shows the effects of different concentration of ammonium sulphate ranges from 0-5 g/L on phenol degradation and fungal growth. The optimum concentration of ammonium sulphate for the highest phenol degradation activity was recorded at 3 g/L with 89.9% degradation (p<0.05). The effect of various concentration of NaCl on growth of strain N12 P6C3 was observed at 0 to 1 g/L (Figure 8 ). The results show P. janthinellum strain N12 P6C3 grew best at 0.05 g/L NaCl and was able to degrade 88% of phenol after 2 days of incubation compared to other concentrations (p<0.05). The reduction of growth and phenol degradation were recorded at high NaCl concentrations. This indicates P. janthinellum strain N12 P6C3 requires low amount of NaCl for their optimum growth. High NaCl concentration could affect the degradation of phenol due to osmotic stress to the fungal growth which eventually decreases the phenol degradation rates (Annadurai et al., 2008) . The effect of pH on the growth and degradation of phenol by P. janthinellum strain N12 P6C3 was studied using an overlapping buffer system consisting of acetate, phosphate, and Tris-HCl buffer at the pH ranging from 4.0-9.0 (Ahmad et al., 2011) . Overlapping buffer system was employed to cancel out the different effect of buffers on fungal growth and phenol degradation (Ahmad, 2012) . The results (Figure 9 ) show the fungus able to grow at pH ranging from 5.5-6.5 (p<0.05) in phosphate buffer. The fungal growth increased with the increased of pH and peaked at pH 6. The highest degradation rate was achieved at pH 6 with 88.7% phenol degradation (p<0.05), indicating P. janthinellum strain N12 P6C3 prefer slightly acidic condition. The growth of this fungus and phenol degradation rate was dramatically decreased at pH using acetate and Tris-HCl buffers. Extremely low or high pH usually leads to loss of activity for most of the microbial enzyme. Enzymes produced by microorganisms are significantly affected by the change in pH as it is a crucial factor in the stability of the enzyme and can affect the solubility of enzymatic compounds (Banerjee and Ghoshal, 2010) . 
CONCLUSION
A total of 141 phenol-degrading fungi were isolated from phenol-contaminated sites and tested for their ability to degrade phenol. Based on the results, strains N12 P6C3 was selected as the best fungal isolate for further investigations. Strain N12 P6C3 was identified as Penicillium janthinellum. Various parameters including temperature, nitrogen source, salinity, pH, and phenol concentration affecting phenol degradation activity of P. janthinellum strain N12 P6C3 were studied. The optimum conditions for phenol degradation were achieved at temperature of 35°C, ammonium sulphate at 3 g/L, 0.05 g/L of sodium chloride, and pH 6 using phosphate buffer system.
